Introduction
Bi 0.5 Na 0. vicinity of this temperature 17 . A dielectric constant (ε r ) of 6000 has been reported for 0.915BNT-0.05BKT-0.02BT-0.015ST at T m . The promising potential of this BNT based composition for various technological applications makes it interesting for thermal energy harvesting as well as refrigeration investigations, which will be discussed later in this paper.
Pyroelectric Energy Harvesting
Pyroelectric materials have been extensively explored for energy harvesting applications [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
These intriguing materials produce an electrical current when subjected to a change in temperature. This particular feature of these materials can be used to take advantage of lowgrade waste heat, which is the thermal by-product of many energy conversion devices such as internal combustion engines, refrigerators, ovens, consumer electronics and other domestic appliances. In this context, numerous studies and novel designs of pyroelectric harvesters are reported in literature 30, 33, 35, [38] [39] [40] . To improve the thermal harvesting capability of ferroelectrics, the concept of energy harvesting by exploiting the ferroelectric hysteresis loop in a cyclic manner (the 'Olsen' cycle) was introduced in the early 1980s 30-35, 41, 42 ; this approach provided new opportunities for harnessing waste thermal energy. It has been reported that energy harvesting using the Olsen cycle, by virtue of a change in the induced polarization with a change in temperature and electric field, can be of the order of 10 3 higher than simply using the pyroelectric effect 24 . This interesting concept led to numerous trials 30-35, 41, 42 and to the best of author's knowledge the maximum energy density to date reported in the literature is 888 kJ/m maintaining a unipolar electric field by cycling between E H and E L . This is due to the fact that the hysteresis loop does not form under unipolar electric fields and the polarization can be reversed between P r (remanent polarization) to P S (saturation polarization) through the upper branch of the bipolar hysteresis loops in Figure 2a 41 . In this scenario, point 4' can be further moved to 4
( Figure 2 (a)) and energy harvesting can be increased by the area 4'-4-3 (shaded area in Figure   2 (a)).
The Olsen cycle to be used in this case consists of two isoelectric (1-4 and 3-2) and two isothermal processes (1-2 and 3-4). The 1-2-3-4 cycle is anti-clockwise since the polarization of the material increases with increasing temperature; this is in contrast to the more conventional clockwise direction 41 used when cycling materials whose polarization decreases with increasing temperature. Figure 2 (a) and (b) shows the corresponding electric displacement versus electric field and temperature versus entropy diagrams respectively. The unipolar electric field is raised from a low field (E L ) to a high field (E H ) by doing work (W P ) on the system (Process 1-2). This leads to an increase in polarization from P 1 to P 2 at a constant temperature T L ; this also decreases the entropy from s 1 to s 2 , as shown in Figure 2 (b). It should be noted that due to an increase in the polarization the work of polarization (W P ) leads to some heat (Q WP ) being released by the material. Additionally, it can be assumed that there is only a small consumption of electric energy (applied in order to change in polarization) since the materials are good insulators and no current flows through the material. In Process 2-3 heat (Q S ) (generally waste heat from other sources) is supplied to the material (system) iso-electrically to heat the material from T L to T H . The polarization of the system then rises from P 2 to P 3. Again due to a rise in polarization the entropy further decreases to s 3 (Figure 2(b) ). Indirectly, the absorption of heat (Q S ) by the 7 material results in cooling of the surrounding environment. Thereafter, depolarization work (W DP ) is done to reduce the applied unipolar electrical field isothermally from E H to E L leading to reduction of polarization of the material to P 4 (Process 3-4). This reduction is polarization is responsible for an increase in entropy during this process. Finally, in order to complete the cycle and to bring it to its initial state (T L , P 1, s 1 and E L ) heat (Q R ) is extracted from the system (Process
4-1). This process is known as isoelectric heat rejection. The direction of the T-s diagram is
clockwise in Figure 2 (b) and is indicative of a cycle for a heat engine.
The overall electrical energy that can be harvested using this cycle can be calculated as the area enclosed by the complete cycle (1-2-3-4 of D-E curve) and is expressed as 34, 43
Reversed Olsen/Proposed Ferroelectric Refrigeration Cycle
It is to be noted that if the direction of the above explained cycle can be reversed then the material will exhibit a refrigeration effect. Though similar attempts exist in literature 44, 45 , the cycle proposed by us is generalized for all ferroelectric materials as it is based on a temperature induced change in the unipolar P-E loop. It also provides a broad idea of the ideal working range and is more effective as hysteresis losses are reduced. In order to have better understanding of refrigeration cycle the P-E and T-s diagrams for this regime are shown in Figure 3 In order, to have a comparison criterion for "Electrocaloric refrigeration", Emmanuel et.al.
46
introduced the Electrocaloric (EC) efficiency (ɳ), which is given as :
Where Q (isothermal heat) and W (electrical work) can be calculated as follows
In the similar way for the novel refrigeration cycle proposed here, the efficiency can be defined
The net isothermal heat in the present scenario is the difference of the heat absorbed
by the material (system) and the heat released
by the material to the surroundings.
Results and Discussion
Finally, we perform thermal energy harvesting calculations for this composition for a fixed value of lower temperature (T L ~ 20 ˚C) since the hysteresis loop becomes almost paraelectric at this temperature 17 . The resulting energy densities are shown in Figure 4 
Conclusions
The present study demonstrated the potential for colossal thermal energy harvesting using leadfree materials with a peculiar polarization shift with an increase in temperature for 
